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Actin polymerization mediated by the Arp2/3 complex is essential for membrane tubulation, vesicle
formation and ﬁssion during clathrin-dependent endocytosis. However, the mechanism by which
the polymerizing actin ﬁlaments participate in vesicle formation and ﬁssion has remained unclear.
Our analyses revealed that actin polymerization occurs toward FBP17-induced membrane tubules,
which are considered to be generated during endocytic vesicle formation. The tubulated membrane
between the future endocytic vesicle and the plasma membrane is proposed to form an arc upon
scission of the endocytic vesicle. Therefore, the actin polymerization toward the tubulated mem-
brane may be gradually converted to those toward both the vesicles and the plasma membrane.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Two models for the direction of actin polymerization during
endocytic vesicle formation
Two models for the direction of actin polymerization were pre-
viously proposed, based on the ﬁndings described below [1,2].
Actin comet formation on vesicles with endocytic characteris-
tics is observed in cultured cells or Xenopus eggs after the expres-
sion of type I phosphatidylinositol phosphate 5-kinase, a treatment
with pervanadate, a tyrosine phosphatase inhibitor, or a treatment
with phorbol myristate acetate (PMA) [3,4]. N-WASP is localized at
the vesicles of these actin comets. In addition, the actin comets
resemble those induced by pathogens. Thus, actin polymerization
appears to occur inwardly from the plasma membrane; i.e., the
barbed ends are directed toward the vesicles travelling away from
the plasma membrane [4] (Fig. 1A). In this model, actin polymeri-
zation directly generates the force required for vesicle movement.
Interestingly, there is a mutant strain of yeast that accumulates
actin ﬁlaments at the site of endocytosis. The photo-bleaching
analysis of actin in this yeast Sla2D mutant suggested that actin
polymerization occurs toward the plasma membrane, i.e., the
barbed end faces the plasma membrane, not the endocytic vesicleschemical Societies. Published by E
leton Dynamics, Institute of
Tokyo, 1-1-1 Yayoi, Bunkyo-[5]. Therefore, the direction of actin polymerization for endocytosis
seems to be the same as the direction of actin polymerization for
protrusive lamellipodia formation (Fig. 1B). In this case, the force
generated by the actin polymerization appears to work for invagi-
nation of membrane in yeast [6,7] (Fig. 1B). How the elongating ac-
tin ﬁlaments function in vesicle movement and vesicle ﬁssion is
still unclear in yeast.
2. The BAR domain protein induces tubulated membranes
The members of the Bin-Amphiphysin-Rvs167 (BAR) domain
superfamily deform membranes into tubules that the domains
can bind, dependent on the BAR domain structure [8,9]. The N-
BAR domain proteins induce tubulated membranes when they
bind to liposomes in vitro. An analysis of the three-dimensional
structure of the N-BAR domain of amphiphysin indicated that it
forms a banana-shaped dimer and that the concave surface of this
dimer ﬁts into membrane tubules induced by the N-BAR domain
[8]. Therefore, it is postulated that the structure of the protein
can sense and/or generate the membrane curvature. The concept
of the formation and sensing of membrane shape by the structure
of a protein was further supported by analyses of the extended FCH
(EFC)/FCH-BAR (F-BAR) and IRSp53-MIM-homology (IMD)/inverse-
BAR (I-BAR) domain-containing proteins [10–13]. Interestingly, the
concave surfaces of the EFC/F-BAR and N-BAR domains bind to the
lipid membranes, whereas the convex surface of the IMD domainlsevier B.V. All rights reserved.
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Fig. 1. Two previously proposed models for the direction of actin polymerization induced by the EFC/F-BAR proteins and N-WASP during endocytosis [1,2]. During
endocytosis, the direction of actin polymerization involves the barbed end pointing toward the endocytic vesicles (A), or toward the plasma membrane (B). The model (A) is
based on the observation from cultured cells and Xenopus system. In model (A), the elongating barbed end pushes the vesicles for vesicle movement. The model (B) is based
on yeast studies. In model (B), the elongating barbed end pushes the plasma membrane generating the force required for tubule invagination. The function of actin ﬁlaments
in vesicle ﬁssion of movement in yeast is still unclear.
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Fig. 2. Actin ﬁlaments around the tubulated liposomes. (A) Electron microscopy of negatively stained liposomes (0.5–1 lm, 20 lg/ml) in the presence of 600 nM FBP17,
150 nM N-WASP–WIP complex, 20 nM Arp2/3 complex, and 1.2 lM actin after 5 min at room temperature. Actin polymerization was induced as in [26] for 20 min. This
mixture was applied to glow-discharged collodion- and carbon-coated copper grids, which were washed in 100 mM Hepes (pH 7.9). The grids were stained with 2% uranyl
acetate. At each step, excess solution was removed with a ﬁlter paper. The dried grids were examined using an electron microscope. (B) Illustration of actin ﬁlaments in (A).
(C) Distribution of the branch angles between mother and daughter ﬁlaments. (D) The angle between the branch and the tubule is deﬁned as the angle between the median
centerline of the tubule and the median of the branched ﬁlaments. (E) Distribution of the angles between the tubule and the branch.
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S. Suetsugu / FEBS Letters 583 (2009) 3401–3404 3403binds to the lipid membranes [10–13]. Thus, the structures of these
proteins and their functions appear to be correlated. The EFC/F-BAR
domain binds to liposomes with larger diameters than those bound
by the N-BAR domain, and the diameter of the concave surface of
the EFC/F-BAR domain is larger than that of the N-BAR domain
[12]. The EFC domain of FBP17 prefers to bind to liposomes with
large diameters, i.e., more than approximately 500 nm, than to
small liposomes. In contrast, the BAR domain of amphiphysin binds
to smaller liposomes [12]. The EFC/F-BAR and N-BAR domains are
involved in the invagination of the plasma membrane, such as dur-
ing endocytosis [6,12,14–17], whereas the IMD domain is involved
in the formation of protrusive structures, such as ﬁlopodia and
lamellipodia [1,18].
3. The EFC/F-BAR domain protein induces actin polymerization
upon membrane tubulation
The membrane-binding EFC/F-BAR domain is, in most cases,
only part of a multidomain protein. The obvious hypothesis de-
rived from the organizations of the domains of membrane-bindingDynamin etc
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can be envisioned as the barbed end pointing toward the tubulated membrane. In this mo
a similar manner as the actin ﬁlaments at lamellipodia. The actin polymerization toward
membrane by a small rotation of the direction of actin polymerization. Dynamin als
polymerization and dynamin causes ﬁssion of the deformed membrane.proteins is that the membrane-binding domains recruit or function
in concert with membranes with speciﬁc curvatures [1,18].
The membrane-binding proteins with SH3 domains include
neural Wiskott–Aldrich syndrome protein (N-WASP), WASP fam-
ily-Verproline homologous protein 2 (WAVE2), and dynamin
[1,14,15,18–23]. Dynamin is a GTPase that causes ﬁssion of the
membrane. N-WASP and WAVE2 are activators of the Arp2/3 com-
plex, which drives the formation of branched actin ﬁlaments for
cellular motility [1,24,25]. Therefore, the activation of N-WASP or
WAVE2 is thought to lead to the activation of the Arp2/3 complex,
thus resulting in rapid actin polymerization, which may be coupled
with dynamin-mediated membrane vesicle ﬁssion.
The induction of actin polymerization in the presence of FBP17,
N-WASP, the Arp2/3 complex, and the membrane was dependent
on the size of the liposomes added to the actin polymerization
assay system [26]. The actin polymerization was higher when
liposomes with larger diameters were added to the assay
system. The degree of actin polymerization seemed to be consis-
tent with the degree of tubulation induced by the EFC domain
[12,26].Dynamin etc
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del, the elongating barbed end pushes or twists the membrane tubules at the neck in
the tubules can be easily converted to the polymerization toward the vesicles or the
o induces the rotation or twisting of the tubules. The force generated by actin
3404 S. Suetsugu / FEBS Letters 583 (2009) 3401–3404Since the tubules induced in vitro by FBP17 appeared to corre-
spond to the membranes at the necks of clathrin-coated pits, the
organization of the liposomes and actin ﬁlaments after actin poly-
merization was analyzed (Fig. 2). The liposome tubulation induced
by FBP17 in the presence of N-WASP and the Arp2/3 complex was
similar to that induced by FBP17 alone. The Arp2/3 complex-med-
iated actin polymerization resulted in the formation of branched
ﬁlaments; furthermore, the angle between the daughter and
mother ﬁlaments was 70 [27] (Fig. 2C). The angle between the
median centerline of the liposome tubule and the median of the
branched ﬁlaments, which indicated the direction of ﬁlament
growth, was measured (Fig. 2D). An angle between 0 and 90 indi-
cates that the ﬁlament grows toward the tubulated membrane.
Based on the distribution of the angles, most of the ﬁlaments grew
toward the tubulated membrane in the presence of wild-type
FBP17 and the N-WASP–WIP complex (Fig. 2E). No ﬁlaments were
observed in the absence of wild-type FBP17 (data not shown).
Therefore, FBP17 is considered to govern the direction of actin
polymerization.
4. A hypothesis: the direction of actin polymerization during
endocytosis could be that with the barbed end facing the
tubulated membrane
Considering the tubulation ability of the EFC/F-BAR domain pro-
teins, actin polymerization toward the tubulated membrane may
be more reasonable, because tubulation is mediated by the BAR
superfamily proteins, including amphiphysin and FBP17/Toca-1,
and N-WASP is recruited to the tubulated membrane surface dur-
ing endocytosis [12,14–17,23,28,29] (Fig. 3A). In yeast, the co-
localization of Rvs167p, a homologue of amphiphysin, and Las17p,
a homologue of WASP, was observed [6]. The polymerizing actin
ﬁlament may compress the arc-shaped membrane at the neck, to
constrict the tubule. Alternatively or simultaneously, the polymer-
izing actin ﬁlament may twist the vesicles and tubules as well as
cause the tension needed to separate the tubules into vesicles, in
a similar manner as the arc-shaped membrane at lamellipodia,
thereby constricting the tubules and even eventually pinching
them off (Fig. 3B). It is interesting to note that dynamin causes
twisting for scission of the tubules into vesicles. The longitudinal
tension along the tubule, generated by anchoring of the membrane,
is required for dynamin-mediated vesicle ﬁssion [30]. In this mod-
el, the ongoing formation of branched actin ﬁlaments can be easily
adapted to the direction of vesicle movement or the plasma mem-
brane after the scission of the vesicles, as in previously proposed
models for the direction of actin polymerization at endocytosis.
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